In the last few years, immunotherapy has transformed the way we treat solid tumors, including melanoma, lung, head neck, breast, renal, and bladder cancers. Durable responses and long-term survival benefit has been experienced by many cancer patients, with favorable toxicity profiles of immunotherapeutic agents relative to chemotherapy. Cures have become
possible in some patients with metastatic disease. Additional approvals of immunotherapy drugs and in combination with other agents are anticipated in the near future. Multiple additional immunotherapy drugs are in earlier stages of clinical development, and their testing in additional tumor types is under way. Despite considerable early success and relatively fewer side effects, the majority of cancer patients do not respond to checkpoint inhibitors. Additionally, while the drugs are generally well tolerated, there is still the potential for significant, unpredictable and even fatal toxicity with these agents. Improved biomarkers may help to better select patients who are more likely to respond to these drugs. Two key biologically important predictive tissue biomarkers, specifically, PD-L1 and mismatch repair deficiency, have been FDA-approved in conjunction with the checkpoint inhibitor, pembrolizumab. Tumor mutation burden, another promising biomarker, is emerging in several tumor types, and may also soon receive approval. Finally, several other tissue and liquid biomarkers are emerging that could help guide single-agent immunotherapy and in combination with other agents. Of these, one promising investigational biomarker is alteration or deficiency in DNA damage response (DDR) pathways, with altered DDR observed in a broad spectrum of tumors. Here, we provide a critical overview of current, emerging, and investigational biomarkers in the context of response to immunotherapy in solid tumors.
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INTRODUCTION
Cancer immunotherapy has demonstrated clear benefit in patients with a wide range of malignancies, and has revolutionized the way we approach and treat cancer. This field of immune oncology has flourished in the past few years with the rapid development and FDA-approval of several novel immunotherapy drugs. Currently available immunotherapy drugs are monoclonal antibodies targeting programmed cell death protein (PD-1), programmed cell death protein ligand 1 (PD-L1) and cytotoxic T-lymphocyte antigen 4 (CTLA-4) [1, 2] . CTLA-4 is an inhibitor of T-cell function that interacts with its ligands, such as CD80 and CD86. PD-1 is another key T-cell immune regulator belonging to the co-stimulatory receptor family CD28:7 [3] . PDL-1 ligand is found on tumor cells, while PD-1 receptors are selectively expressed on CD4 ? and CD8 ? T-cells, monocytes, natural killer (NK) T-cells, B cells, and dendritic cells [1, 3] . These ligand-receptor interactions can be readily blocked by CTLA-4 or PD-1/PD-L1 antibodies, respectively, that augment T-cell activation and proliferation and elicit antitumor responses [2, 4] . Conceptually, both pathways serve as negative regulators (''checkpoints'') of T-cell activation and/or function. Blockade of this checkpoint therefore reverses the negative regulation and results in immune activation. A biomarker is defined as a measurable substance in tissue, blood, or other body fluids, and is an indicator of a clinical condition. All biomarkers should undergo thorough validation, and any biomarker intended to be used clinically should have been prospectively demonstrated to be of value in a randomized trial, or, at a minimum, prospectively defined and analyzed in real time as part of a trial. Biomarkers can be prognostic or predictive. Prognostic biomarkers correlate with the natural progression or aggressiveness of a cancer and can be quite useful for informing about the risk of recurrence or survival for particular tumor types. Predictive biomarkers can predict a response to a given treatment. Cancer biomarkers can serve as excellent surrogates for monitoring cancer response to treatments. Therefore, these are most useful when assessed before the initiation of treatment. This review will mainly emphasize predictive biomarkers across various solid tumor types, most relevant to decision-making regarding immunotherapy selection. In addition, we will briefly discuss an emerging prognostic value of tumor-infiltrating lymphocytes (TILs) assessment based on several published colon, breast cancer and melanoma studies.
At this time (March 2019), the FDA has approved six checkpoint inhibitors (CKIs): one monoclonal antibody targeting CTLA-4 pathway, ipilimumab, and six antibodies targeting PD-L/PD-L1, including atezolizumab, avelumab, durvalumab, nivolumab, cemiplimab and pembrolizumab, for the treatment of patients with multiple cancer types [1] . These approvals have dramatically changed the landscape of cancer treatment [1, 2] . However, the majority of cancer patients, including the majority with malignancies considered ''sensitive' to these agents, e.g., melanoma, non-small cell lung cancer and others, either do not respond or become resistant to these agents. Additionally, toxicity, primarily in the form of autoimmunity, can be significant and even fatal. Financial issues must also be considered, as the cost of these agents is substantial (approximately $10,000/dose in the United States). Therefore, restricting use of these agents to those most likely to benefit is of considerable interest to patients, physicians and many health care systems. Biomarkers have the potential to play a critical role in clinical practice, as they can identify the patient population appropriate for receiving a particular treatment [3, 5] . Here, we will overview clinically relevant FDA-approved immunotherapy biomarkers, such as PD-L1, and mismatch repair (MMR) deficiency, as well as emerging biomarkers, such as tumor mutation burden (TMB), TILs, and several other experimental biomarkers.
Compliance with Ethics Guidelines
This article is based on previously conducted studies and does not contain any studies with human participants or animals performed by any of the authors.
STANDARD APPROVED BIOMARKERS: PD-L1 AND MMR
PD-L1 as a Prognostic and Predictive Biomarker, Expression Cutoffs, Immunohistochemistry (IHC) Testing Prognostic cancer biomarkers determine a patient's outcomes, regardless of therapy, and are often determined by observational clinical studies. Predictive biomarkers determine the patient's potential to respond to a specific therapy and are usually established in the context of a clinical trial [6] . Testing for clinical efficacy of a drug can be divided into two categories: companion diagnostics and complementary diagnostics. Companion diagnostics are used to identify patients who will most likely benefit from therapy, to determine which patients will most likely suffer from side effects of therapy, and are also helpful in predicting response rates. Such companion diagnostics tend to be tied to a specific drug and its licensing [7] . In contrast, complementary diagnostics may be used for patient treatment selection, but are not required to evaluate safe and effective use of the corresponding therapy in practice [8] . Due to the significance of PD-L1 pathway in the development of cancer and for drug development, the value of PD-L1 expression as a potential predictive and prognostic biomarker has been extensively studied. Some FDA-approved PD-1/PD-L1 antibodies now have companion diagnostic IHC antibody tests to detect PD-L1 expression. The efforts to incorporate these tests into clinic practice are ongoing.
Evaluation of PD-L1 expression as a biomarker dates from the initial trials with PD-1/ L1-targeted therapies. In 2012, Topalian led a large pivotal phase 1 nivolumab study that enrolled patients with various advanced solid tumors. This study demonstrated single-agent PD-L1 immunotherapy activity in melanoma, renal cell carcinoma (RCC), and non-small cell lung cancer (NSCLC), while no activity was observed in metastatic castration-resistant prostate cancer and metastatic colorectal cancer (mCRC). From the patients tested, 60% of the tumors expressed [ 5% PD-L1 expression (by using the IHC-5H1 antibody). The patients with [ 5% PD-L1 expression had a 36% overall response rate compared to the patients with negative PD-L1 expression who had a 0% overall response rate [9] .
Different PD-L1 expression cutoffs and scoring systems have been used for PD-L1-/PD-1directed FDA-approved drugs in different trials, and are summarized in Table 1 . The standard cutoff and scoring system includes tumor proportion scoring (TPS), which counts the total number of PD-L1 positive tumor cells divided by the total number of positive and negative PD-L1 tumor cells. TPS is currently the scoring system used for pembrolizumab to quantify PDL1 expression in NSCLC [10, 11] . Another potential scoring system for pembrolizumab is the combined positive score (CPS) which divides the number of PD-L1-positive cells (tumor cells, lymphocytes, macrophages) by the number of tumor cells. The CPS system is used in PD-L1 testing in metastatic gastric and gastroesophageal junctional carcinoma, in bladder cancer, and in cervical cancer to identify which patient will be more likely to benefit from pembrolizumab therapy [12, 13] .
Clinical trials using atezolizumab reported PD-L1 expression in tumor cells (TC) and tumor-infiltrating immune cells (IC), with tumors being characterized into four different groups: TC3/IC3 (at least 10% expressing PD-L1), TC2/IC2 (at least 5% expressing PD-L1), TC1/IC1 (at least 1% expressing PD-L1), and TC0/IC0 (less than 1% expressing PD-L1) [14] . Trials using durvalumab have segregated patients into two groups based on tumor expression cutoffs: [ 25% of cells expressing PD-L1 versus \ 25% of cells expressing PD-L1 [14, 15] . Across clinical trials performed in advanced lung cancer patients with both the anti-PD-L1 antibodies (atezolizumab, durvalumab) and with anti-PD-1 antibodies (nivolumab, pembrolizumab), higher PD-L1 levels corresponded with improved clinical outcomes.
In summary, a wide range of commercially available PD-L1 IHC tests for routine clinical testing are currently available. These tests utilize different antibodies, different manufacturers and different cutoff scores to detect or quantify tumor PD-L1 expression. This has resulted in considerable confusion and uncertainty regarding the interpretation of various tests and their utility. Consequently, several groups have performed prospective comparisons of the different assays. As one example, the Blueprint PD-L1 IHC assay comparison study sponsored by the International Association for the Study of Lung Cancer (IASLC) evaluated four different antibody clones, namely, 22C3, 28-8, SP142, and SP263 [5] . In this study, 39 NSCLC tumors were stained with the four FDA-approved IHC 
Intracellular
MAb mouse antibody, RAb rabbit antibody, TC tumor cells, IC immune cells assay antibody clones as listed above. Interestingly, 22C3, 28-8, and SP263 were found to be comparable to each other in the staining of tumor tissue. In contrast, SP142 antibody used in diagnostic testing for atezolizumab was found to underscore tumor tissue and overscore immune cell PD-L1 expression. It has been proposed that SP142 clone is more sensitive in detecting intracellular epitopes compared to extracellular epitopes [5] . There have been several other studies comparing the various PD-L1 assays with similar results, [16, 17] . The lack of a standardized approach to PD-L1 expression testing makes comparisons between studies extremely difficult.
PD-L1 FDA-Approved Applications in Solid Tumors
As noted above, the FDA has approved several agents concurrently with specific tests for PD-L1 expression. These approvals have varied in terms of the antibodies employed, the cutoffs and whether expression is determined on the tumor cells alone or in combination with infiltrating immune cells. The FDA defines two different types of diagnostic tests that can be used with a therapeutic agent or device [18] . A companion diagnostic is a test which provides information that is essential for the safe and effective use of a corresponding drug or biological product. A complementary diagnostic is a test that aids in the benefit-risk decisionmaking about the use of the therapeutic product, where the difference in benefit-risk is clinically meaningful. The information on the companion diagnostic is included in the therapeutic product labeling. Currently, the FDA does not have a formal definition for complementary diagnostics [18] .
Non-small Cell Lung Cancer
The initial trials evaluating anti-PD-1/L1 agents were carried out in the setting of second-line therapy, i.e., in patients whose disease had progressed after initial platinum-based chemotherapy ( Table 2) . CheckMate 057 was a phase 3 study that compared nivolumab with docetaxel in patients who had failed standard platinum-based doublet therapy. This study demonstrated an increased overall survival for nivolumab compared to docetaxel [19] . PD-L1 expression, as measured by the 28-8 antibody, correlated with response to nivolumab. The patients who received nivolumab and had higher PD-L1 tumor expression exhibited an improved response rate (19% vs. 9%) compared to patients with no PD-L1 tumor expression [19] . In contrast, another phase 3 study, CheckMate 17 in squamous NSCLC, comparing docetaxel to nivolumab, again demonstrated benefit for immunotherapy over chemotherapy, but failed to show a significant correlation between PD-L1 and clinical outcomes. PD-L1 tumor expression was neither predictive nor prognostic. Among all the patients, nivolumab was superior in overall survival, response rate, and progression-free survival to docetaxel, regardless of PD-L1 levels [20] .
Recently, several interesting single-gene biomarkers have emerged, which are also of potential clinical use and may aid in treatment decisions with CKIs. It was observed that NSCLCs that harbor EGFR mutations or ALK rearrangements have lower PD-L1 expression and lower CD8 ? T-cell tumor infiltration, which translates into decreased efficacy, and low response rates with single-agent checkpoint inhibitors [21] . Interestingly, most EGFR-mutant NSCLC patients with high PD-L1 do not respond to single-agent pembrolizumab, which implies that CKIs alone are not effective in these patients, raising questions about the biologic significance of the PD-L1 checkpoint in this patient subset, and implying that the PD-L1 IHC score is not a reliable biomarker in this population [22] .
The Keynote 024 trial compared pembrolizimab to standard-of-care platinum-based chemotherapy as initial therapy in previously untreated advanced NSCLC and PD-L1 expression C 50%. Patients receiving pembrolizumab had significantly longer progression-free and overall survival over patients receiving platinumbased chemotherapy [23] . Following results of the Keynote trial 024, PD-L1 was FDA-approved as the companion diagnostic for pembrolizumab use. The companion test uses the PD-L1 IHC 22C3 assay and was FDA-approved for NSCLC clinical use in stage IV NSCLC [18] . In recent first-line studies of pembrolizumab in combination with platinum doublets in advanced or metastatic NSCLC, patients with all PD-L1 expression cutoffs benefited from the addition of CKI to chemotherapy. Therefore, PD-L1 expression has limited clinical utility for patients receiving CKI and chemotherapy. Finally, PACIFIC, a randomized trial of 1-year of adjuvant durvalumab after concurrent chemoradiation for locally advanced (stage III) NSCLC, demonstrated a significant overall survival benefit with this CKI compared to observation. A post hoc analysis of PD-L1 status (informative samples were available on 74% of patients) demonstrated significant efficacy for all levels of PD-L1 expression. The exception was for PD-L1 \ 1%, where there was numerical superiority, ut not statistical significance [hazard ratio (HR) 0.73, 0.48-1.11]. The major NSCLC trials in regards to the PD-L1 biomarker are summarized in Table 2 .
Urothelial Cancer
The PD-L1 cutoff employing the Sp142 antibody for atezolizumab in urothelial cancers was 1% using an immune score of IC1 or greater [13] . The reported ORR is 27% and 13% in PD-L1-positive and PD-L1-negative tumors, respectively [24] . In comparison, the durvalumab cutoff for use in this malignancy is 25% for PD-L1 staining with the SP263 antibody. The ORR was 27% for PD-L1-positive tumors and 5% for PD-L1-negative tumors [25, 26] . In 2018, the FDA mandated that PD-L1 status to be determined in patients with bladder cancer for frontline drug use for cisplatin-ineligible patients receiving pembrolizumab or atezolizumab. Specifically, frontline FDA approval of these drugs is now limited to the C 5% PD-L1 IC patient population with atezolizumab and the C 10% CPS patient population [27] .
Renal Cell Carcinoma
In 2015, the FDA approved nivolumab for treatment of RCC patients progressing on prior TKI. In the pivotal CheckMate 025 phase III study, nivolumab reduced the risk of death by 27% versus everolimus, representing a 5.4month improvement in median overall survival (OS). However, this large phase 3 study led by Motzer et al. showed no significant differences in survival between advanced RCC patients treated with nivolumab in those who had high PD-L1 C 1%vs. low expression \ 1% tumor expression [28] .
Melanoma
A PD-L1 (Dako 22C3) positivity cutoff of C 1% was used in two recent KEYNOTE-001 and KEYNOTE-006 clinical trials in advanced melanoma [29, 30] . Daud et al. have found that the overall response rate (ORR) is 39% with pembrolizumab for PD-L1-positive tumors and the average ORR-is 10% for patients with PD-L1negative melanoma tumors [29] . A recent phase 3 KEYNOTE-006 study analysis by PD-L1 status showed 24-month OS of 58% in PD-L1-positive tumors and 43% in PD-L1-negative tumors, superior to the respective 24-month OS with ipilimumab (45% in PD-L1-positive and 32% in PD-L1-negative tumors) [30] . Nonetheless, the FDA has not yet recommended using PD-L1 in melanoma for treatment decisions.
Triple-Negative Breast Cancer (TNBC)
In TNBC patients, both pembrolizumab and atezolizumab have recently been investigated to assess their efficacy, tolerability and side effects in several clinical trials [31] . Preliminary data from a phase 1 study on metastatic TNBC treated with atezolizumab (JAVELIN solid tumor study) showed that patients who had higher ORR also had tumors expressing high levels of PD-L1 [32] . In 2018, the Impassion130 phase 3 clinical trial investigated atezolizumab ? nabpaclitaxel versus placebo ? nab-paclitaxel as first-line treatment in untreated metastatic or locally advanced triple-negative breast cancer (TNBC) [33] . All patients in this study (n = 902) had prospective immunohistochemical testing of PD-L1 expression on tumor specimens (SP142 PD-L1 assay). The authors defined PD-L1-positive tumors as those with C 1% of tumor area having PD-L1-expressing tumor-infiltrating immune cells. Patients were treated until disease progression or until they experienced an unacceptable level of toxicity.
Within the intention-to-treat group, atezolizumab-nab-paclitaxel treatment provided a longer median progression-free survival (PFS) [median, 7.2 months vs. 5.5 months; stratified hazard ratio for progression or death, 0.80; 95% confidence interval (CI) 0.69-0.92; P = 0.002] compared to placebo-nab-paclitaxel. The median PFS of patients treated with atezolizumabnab-paclitaxel in the PD-L1-positive subgroup was 7.5 months versus 5.0 months (stratified hazard ratio for progression or death, 0.62; 95% CI 0.49-0.78; P \ 0.001). The median OS of atezolizumab-nab-paclitaxel treated patients was 21.3 months (P = 0.08) in the PD-L1-negative subgroup and 25.0 months in the PD-L1positive subgroup. These results demonstrated a prognostic benefit of a PD-L1-positive TNBC. The response rate to atezolizumab-nab-paclitaxel was 56.0% in the intention-to-treat group to and 58.9% in the PD-L1-positive subgroup. PD-L1-positive status produced improved outcomes in patients treated with anti-PD-L1 therapy.
In March 2019, the FDA approved atezolizumab ? nab-paclitaxel for the treatment of PD-L1-positive metastatic, locally advanced, or unresectable TNBC, citing data from the Impassion130 trial [34] . FDA has also approved the Ventana PD-L1 (SP142) assay as a companion diagnostic device for selecting TNBC patients for atezolizumab.
Other Solid Tumors
The FDA approved the CPS scoring system (the number of PD-L1 staining cells including tumor cells, lymphocytes, macrophages, divided by the total number of viable tumor cells, multiplied by 100) for recurrent locally advanced or metastatic gastric and gastroesophageal junction adenocarcinoma, and cervical cancer as a companion diagnostic test [13] . The current standard cutoff for head neck squamous cell cancer (HNSCC), cervical, as well gastric cancer PD-L1 positivity is 1%. Based on recent clinical studies, the FDA has approved pembrolizumab for the treatment of patients with recurrent locally advanced or metastatic gastric or gastroesophageal junction adenocarcinoma with disease progression after two or more prior lines of therapy including fluoropyrimidine-and platinum-containing chemotherapy and if appropriate, HER2/neu-targeted therapy, for patients with tumors expressing PD-L1 [Combined Positive Score (CPS) C 1]. Similarly, the FDA has approved pembrolizumab for the treatment of patients with recurrent or metastatic cervical cancer with disease progression on or after chemotherapy whose tumors express PD-L1 (CPS C 1) [35, 36] . In addition, pembrolizumab as a single agent has demonstrated some activity. As an example, ORR for pembrolizumab-treated patients with advanced HNSCC PD-L1 positive and negative cancers are 22% and 4%, respectively [37, 38] .
Complementary diagnostics have now also been approved by the FDA for nivolumab in melanoma and NSCLC, for atezolizumab in NSCLC and bladder cancer, and for durvalumab in urothelial cancer [17, 39] .
PD-L1 IHC Tissue Testing: Limitations, Expression Heterogeneity
Limitations in using PD-L1 expression as a single predictive and prognostic biomarker for immunotherapy efficacy may include heterogenous expression of PD-L1 in tumors, intratumoral heterogeneity, differences in expression between primary and metastatic tumors and significant variability in PD-L1 antibodies and in scoring systems used [5] . In one study, PD-L1 expression of 73-paired cases of primary lung cancers and matching brain metastases was studied. The results showed a significant 14% discordance in PD-L1 expression between primary lung cancer tumor and paired brain metastasis; most discordant cases had tissues that were obtained more than 6 months apart [40] . Additional research using paired biopsies or synchronous samples are needed to clarify prevalence of intra-patient PD-L1 staining discrepancies.
Soluble PD-L1
Approximately 30% of NSCLC patients do not have adequate tissue at diagnosis for standard clinical tests [41] . Thus, there is an immediate need to develop peripheral blood-based biomarkers for standard biomarker testing. Recent studies have shown that both PD-1 and PD-L1 have soluble forms (sPD-1 and s-PD-L1 or sB7-H1) in the serum, and that their increasing levels that can be measured by enzyme-linked immunosorbent assays (ELISA) may correlate with responses to immunotherapy and survival [42] [43] [44] . Experimental approaches have speculated that sPD-1 may play an adjuvant role in enhancing T-cell responses [45, 46] . Frigola et al. reported that higher sB7-H1 or sPD-L1 were found in clear cell renal cell carcinoma patients with larger tumors, advanced stage and grade, and necrosis [47] . They also identified that exposure of CD4 ? and CD8 ? lymphocytes to sPD-L1 (tumor cell or immune cell) led to cell death, suggesting a mechanism to regulate immune homeostasis [48] . Current studies suggest that low levels of sPD-L1 may correlate with longer survival. These have been observed in patients with advanced NSCLC, multiple myeloma, renal cell carcinoma [49] . Zhou et al. reported that, in melanoma patients treated with ipilimumab (n = 23) or pembrolizumab (n = 35), high baseline levels of sPD-L1 correlated with progressive disease. They also reported that, after 5 months of treatment, an increase in sPD-L1 associated with partial responses in either arm [50] ( Table 3) .
Mismatch Repair Deficiency (MMR) as a Companion Diagnostic with Pembrolizumab Regardless of Tumor Type
MMR is an essential DNA repair mechanism which edits DNA mismatches, which can develop due to misincorporation of bases during DNA replication and recombination repair, or be acquired while repairing damage, such as cisplatin adducts, O 6 -methylguanine, 8-oxoguanine, UV photo products, etc. [51, 52] . There is evidence to suggest that, when DNA damage cannot be repaired, MMR machinery can also directly signal for cell cycle arrest and apoptosis [53] . MMR defect (dMMR) leads to an increased rate of mismatch errors, and results in microsatellite instability (MSI), which is used to clinically detect dMMR [54] . MSI is detected in about 15% of all colorectal cancers: 3% are associated with Lynch syndrome and about 12% are caused by sporadic, acquired hypermethylation of the promoter of the MLH1 gene, which occurs in tumors with the CpG island methylator phenotype [55] . MMR deficiency is also common in endometrial cancer, and other tumor types [56] . In a recent study, 42 of 149 tumor specimens exhibited loss of MMR protein by IHC. The tumors that exhibited loss of MMR protein were characterized by an increased presence of tumor-infiltrating CD8 ? T-cells and high PD-L1/PD-1 expression [57] .
Given that mutations have the potential to result in abnormal proteins which may be antigenic, it is not surprising that MMR The results from the above studies led to accelerated tissue agnostic FDA approval of pembrolizumab for patients with MMR-deficiency or MSI-high tumors in 2017 [62] . This approval is for adult and pediatric unresectable or metastatic solid tumors that have progressed after previous treatments or for CRC patients who have progressed after treatment with oxaliplatin, irinotecan and fluoropyrimidine. For the first time in its history, the FDA approved the use of a cancer treatment based solely on the genetic profile and not on the tumor type [62] . Currently, a polymerase chain reaction (PCR)-based test for MSI or an IHC-based test for MMR deficiency can identify appropriate patients for MMR-positive patient pembrolizumab treatment [12] . In clinical trials, appropriate patients have been identified using both the clinical tests, despite differences in histology. The PCR-based test tests the length of repetitive DNA which are known as microsatellites in the normal and tumor tissue (five markers of MSI are employed: BAT25, BAT26, D2S123, D5S346, and D17S250) [63, 64] . Based on this, tumors are characterized as MSI-high, MSI-low or MSI-stable (MSS). IHC testing is performed by staining for all four MMR proteins (MLH1, MSH2, MSH6, and PMS2), and reported as intact or positive staining, protein absence or negative staining, and uninterpretable [64] . Studies suggest that IHCbased and MSI-based tests are both equally sensitive, with recommendations to use IHCtesting as a first line of screening because it is inexpensive and readily available [65] . In terms of dMMR testing, both PCR and IHC have * 90% sensitivity; combining both tests can increase sensitivity further [56] .
While the discovery of the association between MMR defects and response to immune checkpoint blockade is truly groundbreaking, only a few patients, primarily a subset of colon and endometrial cancer patients, are currently receiving the benefit of immunotherapy. More work needs to be carried out to completely understand the differences between germline and somatic MMR defects, and to identify more MMR and MMR-like tumors. This is important, because it has been observed that patients with Lynch Syndrome (germline MMR-defect) experience lower response rates when compared to patients with sporadic MMR defects. It has been speculated that a constitutional defect in MMR may regulate the immune system to be more tolerant to the tumor and thereby translate into a reduced response to immune checkpoint blockade in clinic [66] . Finally, while MMR-deficient tumors are responsive to immune checkpoint blockade, majority of colon cancers do not carry this defect. In case of CRCs, * 85% tumors are MMR-proficient [67] . Thus, it is essential to identify other tumor DDR defects that produce a similar phenotype as an MMR defect in order to identify suitable candidates for clinical trials with immunotherapy checkpoint inhibitors. Finally, broader application of IHC and/or PCR MMR testing across multiple tumor types and not only colon cancer is warranted based on MMR-specific FDA approval [56] . A recent study in CRC showed that Fusobacterium nucleatum, a bacterium found in the gut, regulates tumor immune response based on the tumor MSI status [68] . This recent work suggests that the relationship between the gut microbiome and immune response may be dependent on tumor characteristics (such as MSI status) (see ''Microbiome'').
Tumor Mutation Burden (TMB) as an Emerging Tissue Biomarker and Tumor Neoantigen Load
Acquisition of both driver and passenger mutations in the DNA is an inherent property of tumor cells. These genetic mutations are facilitated by cancer proliferation and cancer cell selection pressures. The mutations acquired by the tumor cells quite often alter protein function and expression, resulting in the formation of neoantigens that are expressed on the surface of the tumor cells. T-cells recognize these neoantigens, eliciting an anti-tumor response. Therefore, the neoantigen load mediated by a high mutation burden plays a key role in antitumor immune responses. Highly mutated tumors are more likely to generate tumorspecific mutant epitopes, which may function as neoantigens recognized as non-self by the immune system. Therefore, increased activation of immune cells by treatment with immunotherapy may lead to improved immune-mediated tumor cell clearance and clinical responses. A significant association between neoantigen production and immunemediated clinical response has indeed been observed in several studies [69] . However, accurate measurement of this neoantigen production is expensive and time-consuming. Most research has estimated overall neoantigen load based only on somatic nonsynonymous coding mutations, called whole-exome sequencing (WES).
In comparison with overall neoantigen load, tumor mutational burden (TMB) is a good measure for neoantigen load assessment as it is easier to measure and use in clinic. Although not all mutations can give rise to tumor immunogenic peptides, their number influences the amount of neoantigens potentially produced. Thus, TMB may serve as either a predictor of clinical benefit or a prognostic factor, with the potential to play a critical role in predicting CKI efficacy [70, 71] . TMB is an estimate of somatic mutations which can be assessed from WES data or from sequencing a select panel of genes, typically several hundred genes. TMB testing usually implies testing for a panel of cancer-related genes (usually, at least 200 genes) assessed in the entire tumor using nextgeneration sequencing (NGS). Clinical NGS testing platforms (Foundation Medicine, Caris Life Sciences, and others) can be utilized to estimate TMB; see Table 4 for TMB cutoffs and methodologies. The number of acquired somatic mutations that are present in the tumors can be compared to the DNA from adjacent healthy, normal tissue or the DNA from normal whole blood, although it is not mandatory.
It is not surprising that tumors harboring high TMB, such as melanoma, NSCLC, urothelial tumors and tumors with defects in DNA repair mechanisms have shown a significantly positive outcome with CKIs [11, 24, 60, 70] . These tumors tend to be associated with carcinogen exposure.
As shown in Fig. 1 , high TMB increases the foreignness or neoantigen load of different tumor types. A high TMB will increase the probability of neoantigen generation; neoepitopes generated from mutated genes, when bound to MHC molecules can be seen as foreign by T-cells leading to effective antitumor immune response.
TMB Estimation, Clinical Data and Neoantigen Load
Van Rooji et al. showed that tumor mutations may impact neoantigen and predict responses to immunotherapy in patients with melanoma. They performed whole-exome sequence analysis of the tumor and found increased mutational load (somatic mutations, nonsynonymous and synonymous mutations, frameshifts and deletions). They also established the presence of neoantigen-specific T-cell reactivity towards mutant ATR (S [ L peptide) and found that 5-week after treatment with ipilimumab, there was a fivefold increase in ATR S [ L peptide-specific-T-cell response [72] . In the setting of metastatic melanoma, Hugo et al. showed that a high tumor mutation load correlated with an improved OS, but not tumor response to anti-PD1 therapy. Tumors that responded had more nonsynonymous singlenucleotide variants versus tumors that did not respond; however, their data did not achieve statistical significance [73] .
Rizvi et al. employing WES, has shown that a high non-synonymous mutation burden and neoantigen burden is associated with durable clinical benefit (partial or stable response lasting [ 6 months) in patients with NSCLC who were treated with pembrolizumab [70] . High TMB (C 178 non-synonymous mutations) and neoantigen burden were both associated with significantly longer progression-free survival. In this retrospective analysis, and drug efficacy correlated with a smoking-associated mutation signature, higher neoantigen burden, and DNA repair pathway mutations; each factor was associated with high TMB. Van Allen et al. and Snyder et al. noted that nonsynonymous tumor mutational load was significantly associated with benefit from ipilimumab in the setting of metastatic melanoma [11, 74] . Both studies performed WES studies to analyze mutational loads.
More recently, Yarchoan et al. analyzed the data from several PD-1 and PD-L1 clinical studies and found a significant correlation between TMB and the objective response rate (P \ 0.001) to immunotherapy across 27 solid tumor types ( Fig. 2) [75] . Here, the tumor mutation burden data was provided by Foundation Medicine profiling and a TMB profile was established for 27 solid tumor types. Some of the tumor types had a better response than would have been predicted by TMB, while others did worse. Goodman et al. included multiple cancer types in their study and observed that TMB can independently predict response to immune therapy (see Table 4 and [76] ). In this study, the cancer types were divided as melanoma, NSCLC and other tumor types. Their analysis revealed that patients with an increased TMB exhibited clinical benefit for the multiple tumor types studied.
Recent CheckMate 026 and CheckMate 227 NSCLC studies have shown improved outcomes in TMB-high NSCLC subgroups treated with nivolumab or nivolumab and ipilimumab [77, 78] . This is encouraging and, therefore, TMB might be considered as a NSCLC immunotherapy biomarker in the near future. Interestingly, as predicted by Schumacher and Schreiber, melanoma and lung cancer have the highest TMB, hence exhibit the highest neoantigen load, and thus are extremely responsive to checkpoint inhibitor immunotherapies [79] . It has been shown that mutations or defects in DNA replication and repair genes, such as the MMR genes and DNA Checkpoint inhibitors are effective against tumors with high PD-L1, MMR-positive tumors, or TMB-high tumors that reach a threshold for robust CD8 ? cytotoxic T-cell activation. MHC major histocompatibility complex, TCR T-cell receptor. B7.1/CD80 and B7.2/CD86 are proteins expressed on APC that bind to CTLA-4 on cytotoxic CD8 ? T-cells polymerase epsilon (POLE) and DNA polymerase delta 1 (POLD1), have been implicated in the generation of a high tumor mutation burden and therefore are associated with better response to immunotherapy [80, 81] . Mutations in POLD1 and POLE have been identified in patients diagnosed with NSCLC, and these patients responded well to pembrolizumab [60] . McGranahan and colleagues have also demonstrated that a high burden of clonal tumor neoantigens correlated with improved NSCLC and melanoma patient survival, an increased presence of tumor-infiltrating lymphocytes, and durable response to immunotherapy [82] .
TMB Limitations, Clinical Application Using Targeted Gene Panels
Standardization of TMB as a biomarker is challenging because it is caused by so many diverse variables or insults on the tumor genome. This is discussed at length in a recent review [83] . Currently, WES is considered the gold standard for estimation of TMB [83] . Adoption of WES to routine clinical practice is difficult due to technical requirements, such as DNA amount, coverage and analysis time [83] . Recent studies suggest that TMB analyzed per megabase of genome is more relevant than the number of Shown are the median numbers of coding somatic mutations per megabase (MB) of DNA in 27 tumor types or subtypes among patients who received inhibitors of programmed death 1 (PD-1) protein or its ligand (PD-L1), as described in published studies for which data regarding the objective response rate are available. The number of patients who were evaluated for the objective response rate is shown for each tumor type (size of the circle), along with the number of tumor samples that were analyzed to calculate the tumor mutational burden (degree of shading of the circle). Data on the x axis are shown on a logarithmic scale. MMRd denotes mismatch repair-deficient, MMRp mismatch repair-proficient, and NSCLC non-small cell lung cancer. A significant correlation between the tumor mutational burden and the objective response rate (P \ 0.001) to the IO was demonstrated by the above study [75] genes analyzed for somatic mutations [84] . There is concordance between results of targeted panels and whole-exome data when a megabase of genome is analyzed, as in the MSK-IMPACT trial [85] .
Currently, TMB estimation assays are offered through different clinical vendors and need to be assessed for consistency. TMB cut-offs are currently clustered in the range of * 10-12 mutations per megabase, which needs to be standardized and a consistent cutoff needs to be established. As discussed above and shown in Table 4 , TMB assessment through routine clinical testing, using next-generation sequencing panels, can provide robust data that correlates TMB with response to immune therapy. A recent study evaluated three commercially available NGS-targeted gene panels (that covered the genomic area of 0.39 megabase, 0.53 megabase and 1.7 megabase) with matching WES data from non-small cell lung cancer patients. The authors observed a strong correlation when they compared the whole-exome data to the data from the panel that covered [ 1 megabase of the genome, strongly suggesting that the TMB results from commercial NGS panels are comparable to those obtained from WES [86] .
TMB: Future Directions and Blood-Based TMB Testing Development
TMB as a companion diagnostic might receive an FDA approval in the near future in select tumor types [75, 76] . In the future, clinical trials that test TMB in multiple tumor types are needed to establish it as a biomarker of response to immune therapy. TMB as a biomarker may provide useful insight into why certain cancers respond to CKIs and can be used independently of PD-L1. TMB, alone or combined with specific tumor mutation signatures, may provide insight into why some cancers respond to CKIs and others do not. A recent study identified that the mutational signature associated with concurrent loss of POLE or POLD1 and MMR is distinct from that of POL or MMR loss alone [82] . Thus, a better understanding of mutational signatures and patterns might ultimately impact the clinical standardization of TMB as a biomarker.
Availability of tumor tissue to assess TMB, PD-L1 by IHC, tumor mutations and other biomarkers is usually limited. Researchers from Foundation Medicine (Cambridge, MA, USA) recently published a retrospective analysis of [ 1000 plasma samples from previously treated NSCLC patients. In this study, they developed, tested and validated a novel blood-based TMB (bTMB) assay, which uses cell-free DNA, and reported that bTMB correlated with TMB, and progression-free survival in NSCLC patients treated with atezolizumab [41] . They also determined that a cutoff point of bTMB C 16 correlated with meaningful clinical outcomes. Finally, bTMB was observed as an independent biomarker of progression-free survival and did not correlate with PD-L1 expression. Currently, to obtain a valid bTMB score requires a minimum amount of circulating DNA in the blood, with mutations at an allele frequency of C 1%. Further, this assay only incorporates single nucleotide variants and not indels. Further development and validation of this bTMB assay will change the landscape of available tissue types to assess biomarkers of response to immunotherapy [41] .
INVESTIGATIONAL TISSUE BIOMARKERS

Single Gene Mutations and Amplification as Baseline Predictors of Response to CKIs
Recently, several interesting single-gene biomarkers have emerged, which are also of potential clinical use and may aid in treatment decisions with CKIs ( Table 5 , see gene alterations). It was observed that NSCLCs that harbor EGFR mutations or ALK rearrangements have lower PD-L1 expression and lower CD8 ? T-cell tumor infiltration, which translates into decreased efficacy and low response rates with single-agent checkpoint inhibitors [21] . Interestingly, most EGFR-mutant NSCLC patients with high PD-L1 do not respond to single-agent pembrolizumab, which implies that CKIs alone are not effective in these patients, and that the PD-L1 IHC score is a less reliable biomarker in this population [22] .These recent clinical results with PD-1/PD-L1 inhibitors contradict earlier pre-clinical studies that suggested that EGFR and ALK regulate PD-L1 expression and that blocking PD-1/PD-L1 axis could be of clinical use [87, 88] . This clinical experience implies that the significance of PD-1/PD-L1 expression in driving immune escape and of EGFR-and ALK-driven NSCLC is unclear.
In NSCLC, KRAS/TP53 mutant NSCLC subset is associated with increased expression of PD-L1 on tumor cells, increased TMB and a higher degree of tumor infiltration by CD8 ? T-cells, and thereby with improved clinical outcomes. In contrast, STK11/LKB1 aberrations in KRASmutated lung tumors are associated with low PD-L1 expression and resistance to checkpoint inhibition [89, 90] . Recently, multiple genomic correlates have been linked to better clinical benefit with single-agent checkpoint inhibitors Presence of TILs not sufficient to induce PD-L1 and not an independent factor associated with clinical response
Taube et al. [171] ccRCC clear cell renal cell carcinoma, LUAC lung adenocarcinoma, NSCLC non-small cell lung carcinoma, SCLC small cell lung carcinoma, RCC renal cell carcinoma, GU genitourinary cancer in a large study with melanoma and renal cancer patients [74, 91] . Thus, PBRM1 loss-of-function mutations correlated with clinical benefit from checkpoint inhibition in patients with renal cancer [91] . Additionally, genomic defects, namely, copy number alterations and mutations in IFN-c pathway genes, are associated with primary resistance to checkpoints in melanoma [92] . In this study, 12 non-responders were tested, and, on average, non-responders were found to have * 15.33 mutations in IFN-gamma pathway genes versus 1 mutation in responders. Also, non-responders were found to have a higher rate of copy number alterations (namely, in IFNGR1 and 2, IRF-1, JAK-2) and amplifications (namely, in SOCS1, PIAS4) than the responders in IFN-gamma-related genes. Patients with copy number alternations in IFNgamma-related genes exhibited a significantly shorter OS (40 months) versus patients with unaltered tumors (48.2 months; P = 0.0018). Larger prospective studies are required to validate the findings as well as standardized analysis that can allow for actual clinical use. These studies highlight the importance of INF-gamma signaling in immune checkpoint blockade [93] . While little is known about CKI resistance mechanisms, some early data are currently emerging. Mutations in JAK1, JAK2, and B2M have been reported in melanoma patients who become resistant to single-agent checkpoint inhibitors [94, 95] . Upregulation of TIM-3 inhibitory checkpoint has been associated with resistance to checkpoint inhibitors in a few NSCLC patients, and TIM-3 and PD-1 combined inhibition might be a novel treatment strategy [96] .
Hyperprogression is an entity that has been recently described in which disease grows rapidly after treatment with a CKI. Kato et al. have studied tumor mutations in this setting, which were defined as patients with time-totreatment failure (TTF) \ 2 months, 50% increase in tumor burden compared with pretreatment imaging, and [ twofold increase in progression pace, using next generation sequencing [97] . They found that patients with lung, bladder, and breast tumors, who had EGFR, MDM2, and MDM4 gene amplifications exhibited tumor hyper-progression. Future research is needed to validate these findings.
Tumor Infiltrating Lymphocytes (TILs): Emerging Role as Prognostic and Predictive Biomarkers and T-Cell-Related Tissue-Based Tests
Several studies have shown that the presence of TILs may be predictive of immunotherapeutic response and prognosis in several types of cancer, including melanoma, breast cancer, and CRC. TILs are thought to represent the tumor-immune system interaction, hence the widespread interest in their potential as a biomarker for immune checkpoint inhibitor response. The presence of TILs is associated with MSI and high neoantigen load. Thus, evaluating the presence of TILs may help to identify patients who have a higher probability of benefiting from immune therapy [98] . Hamada et al. [98] employed TIME (tumor immunity in the micro-environment) classification, based on CD274 (PD-L1) expression and TILs presence, to predict response to immunotherapy. The TIME model was developed during studies of melanoma, but their study investigated its utility in CRC. Using molecular pathological epidemiology data of 812 CRC cases from the Nurses' Health Study and the Health Professionals Follow-up Study, the authors evaluated the association between tumor characteristics and outcomes. The following characteristics were observed in TIL-positive patients: they were MSI-high, had CpG island methylator phenotype (CIMP), BRAF mutation, high neoantigen load, low levels of long interspersed nucleotide element-1 (LINE-1) hypomethylation, and nuclear CTNNB1 expression. These findings in TIL-positive patients were significant compared to TIL-negative patients (P \ 0.001). Finally, the study did not find any significant association between PD-L1 expression or TIL status and overall survival (P [ 0. 67-1.27) .
Research by Galon et al. has greatly improved our understanding of the role of TILs in adjuvant settings, predicting survival in patients with colon cancer [99, 100] . Recently, his group has developed an immunoscore that is based on density, location, phenotype and functionality of T-cells in colon cancer, which is independent of tumor size, depth and nodal status, as a prognostic tool which may have significant prognostic value [101] . Efforts are ongoing to standardize the immunoscore with immunotherapy responses, and facilitate its introduction into routine clinical practice [102, 103] . It has been proposed to add an immune-based assay to the current tumor, lymph nodes and metastasis (TNM) cancer classification system to enhance clinicians' ability to develop effective treatment plans and provide a more accurate prognosis [103] . While many studies have utilized the presence of all subsets of lymphocytes within a tumor as a biomarker, Pagès et al. digitally quantified the density of CD3 ? and CD8 ? T-cells within the tumor and the invasive margin, referred to as the immunoscore. An international consortium was created to validate the consensus immunoscore in clinical practice for patients with stage I-III CRC. Following analysis of 2681 patients, the immunoscore was broken into categories based on immune-cell density: low (0-25%), intermediate (25-70%) , and high (70-100%). They found that OS at 5 years in patients with a high immunoscore was 82%, compared to 77% in intermediate and 62% in low immunoscore (unadjusted HR for high vs. low immunoscore 0.53, 95% CI 0.38-0.75; P = 0.0004). Patients with a high immunoscore also had the lowest risk of recurrence at 5 years (8%), compared to patients with intermediate (18%) and low immunoscore (32%) (HR for high vs. low immunoscore 0.20, 95% CI 0.10-0.38; P \ 0Á0001). Data presented by the authors showed that immunoscore is predictive of prognosis in stages I-III CRC.
TILs have also been explored as a biomarker for prognosis and response rate in breast cancer, with TIL-positive status associated with better response rate to immunotherapy and prognosis in certain breast cancer subtypes [32] . Currently, TNBC and HER2-positive breast cancer subtypes have been most associated with TILs. These breast cancer subtypes typically harbor high genetic instability, which leads to high TMB and increased tumor immune response. As one recent example, among patients treated with neoadjuvant chemotherapy, 10% increase in TILs was associated with increased diseasefree survival in TNBC [HR 0.93 (95% CI 0.87-0.98), P = 0.011] and in HER2-positive breast cancer [HR 0.94 (95% CI 0.89-0.99), P = 0.017], but not in HER2-negative breast cancer [HR 1.02 (95% CI 0.96-1.09), P = 0.46] [104] . Positive TILs were also associated with longer OS in TNBC [HR 0.92 (95% CI 0.86-0.99), P = 0.032]. Additional studies in other tumor types revealed that TILs may have prognostic role in other tumor types, such as triple-negative and HER2? breast cancer and in melanoma [105] [106] [107] . High stromal TIL levels were associated with improved ORR in patients with metastatic TNBC receiving pembrolizumab (PD-1 inhibitor) in a phase II trial (KEYNOTE-086) (P = 0.496); therefore, TILs are emerging as potentially important biomarkers of prediction of response to immunotherapeutic agents in TNBC [108] .
The presence of TILs in tumors is continuing to be investigated as a prognostic tool, and as a predictive tool for immunotherapeutic response in several cancers. Validating observed associations between TIL positivity and patient outcomes, and standardizing assays are necessary to implement immune-based tumor characterization in the clinic.
In addition to TILs estimation in tumors, both T-cell receptor sequencing and analysis of neoantigens has been recently emerging. In a melanoma vaccine study, the functional status of tumor peptide-specific CD8 ? T-cells correlated with clinical response [109] . Furthermore, results of T-cell receptor (TCR) sequencing have also been studied as a potential marker. Cha et al. showed that CTLA-4 inhibitors lead to TCR diversification and evolution, thereby leading to improved clinical responses in patients with increased TCR heterogeneity and reduced clonal loss [110] . Patient-specific neoantigens derived from tumor sequencing and autologous T-lymphocyte recognition of these neoantigens have been studied in patients treated with ipilimumab in melanoma and pembrolizumab in NSCLC [11, 70] . In patients responding to immunotherapies, previously predicted HLA peptides were used to screen T-lymphocytes ex vivo and individual peptide sequences responsible for T-cell activation were found. The population of T-cells that were identified was a small fraction of the total T-lymphocyte population, but intriguingly, their numbers increased substantially with the duration of treatment. These studies therefore demonstrated that the neoantigen recognition by peripheral T-lymphocytes is the major mechanism of immune response against tumors. The widespread application of these techniques still needs to be standardized and validated.
Gene Expression Signatures
Gene expression signatures associated with immunotherapy responses are an area of active investigations. Both the b-catenin signaling pathway signature and the 10-gene interferongamma signature have been shown to be predictive of resistance and responses to checkpoint inhibitors in melanoma [111, 112] . Additionally, elevated APOBEC gene expression levels may correlate with improved overall survival in melanoma patients [113] . A recent study performed RNA profiling of melanoma, identified a novel immuno-predictive score [IMPRES] , which outperformed previously published immune transcriptomic signatures, and was very significantly associated with a better response to immunotherapy [114] . These and other gene expression signatures need to be validated in independent studies, and in other tumor types.
Tumor DDR as a Biomarker
Tumor DDR defects have been known as important in determining the response to chemotherapeutic and radiation therapy ( Table 5 ). With the FDA approval of immune checkpoint blockade for MMR-deficient tumors, other DDR defects under investigation are BRCA and DNA polymerase alterations (POLE and POLD1) in the tumor. Strickland et al. showed that high-grade serous ovarian cancers (n = 316, ovarian TCGA dataset) that have genetic alterations in BRCA 1 and 2 genes have increased neoantigen loads, compared to those with alterations in other genes involved in homologous recombination (HR). This study also showed that HR-deficient tumors when compared to HR-proficient tumors, have an increased expression of PD-1, PD-L1, CD3 ? and CD8 ? tumor-infiltrating lymphocytes and that these are independently associated with better overall survival [115] .
Mechanistically, it was shown that PD-L1 expression is upregulated in response to doublestrand break damage in cancer cell lines (U2OS, osteosarcoma; H1299, NSCLC; A549, NSCLC; DU145, prostate cancer). They further showed that PD-L1 upregulation requires the activity of the ATM/ATR and their downstream kinases and the STAT 1/STAT3/IRF1 signaling pathway [116] . It has also been shown that ATM and ATR activation on DNA damage leads to the increased levels of inflammatory cytokines, such as TNF-a and IL-6 [117, 118] . Also, activation of DNA damage response pathways can directly activate STING and IRF3, leading to host immune responses [119] . Depletion of BRCA2, Ku 70/80, PALB2 and XRCC5 in cancer cell lines (U2OS, H1299, A549, DU-145) enhanced PD-L1 expression on induction of DNA damage. Analysis of TCGA data showed that solid tumors (CRC, stomach, breast, uterine) carrying mutations in DNA repair proteins such as BRCA2, PALB2 and Ku 70/80 have higher expression of PD-L1 [116] .
In a recent study in the setting of metastatic urothelial carcinoma (n = 15 patients) ,alterations in DNA damage response and repair genes were associated with an increased response to immune checkpoint blockade (atezolizumab or nivolumab). The authors performed a retrospective analysis of three trials and determined that a better response rate and overall survival were observed in patients who had tumors carrying deleterious or likely deleterious DDR mutations, when compared to patient tumors with DDR alterations of unknown significance. Patient tumors carrying DDR alterations had an overall better survival when compared to patient tumors without DDR alterations. Interestingly, the genes that were altered commonly were ATM (n = 7), POLE (n = 3), BRCA2, ERCC1, FANCA and MSH6 (n = 2 for each) [120] .
In another endometrial cancer study, it was observed that POLE-mutated tumors had the highest mutational load and proportionally the highest neoantigen load, when compared to hypermutated MMR-deficient tumors and MSS tumors [121] . Immunohistochemical analysis of lung squamous cell carcinoma tissue from 41 patients showed that expression of PD-L1 correlated with nuclear staining of DNA damage response marker, phosphorylated H2AX (c-H2AX). This suggests that increased DNA damage, which may be unrepaired damage or persistent DNA damage, may upregulate expression of PD-L1 on the tumor cells and thereby sensitize such tumors to immune checkpoint blockade [122] .
A recent review summarized the close relationship between DDR and immune response [66] . This paper delineated the likely association between tumor DDR status and response to immunotherapies. Taken together, a combination of DNA damaging therapeutics or DNA repair inhibitors with immunotherapy could be a novel strategy that might benefit cancer patients [118] . Several DNA repair inhibitors, targeted at PARP (NCT02660034, NCT03308942, NCT02849496) or ATR (AZD6738, NCT02264678), are currently being investigated in clinic in combination with immune checkpoint inhibitors.
Microbiome
Microbiome can modulate immunity and affect anticancer immune responses [123] . Matson et al. and Gopalakrishnan et al. studied melanoma patients receiving PD-1 blockade and found a greater abundance of so-called good or favorable bacteria in the guts of responding patients, while nonresponders had an imbalance in gut flora composition [124, 125] . The gut microbiome has been implicated in regulating immune responses in the tumor microenvironment [68] . One species, Fusobacterium nucleatum, may play a role in CRC carcinogenesis and mediate immune response to tumors. Hamada et al. showed that F. nucleatum-mediated immune response is dependent on tumor MSI status [68] . Their interesting large colon cancer (CRC) patient study used a molecular pathological epidemiology database of 1041 CRC cases from two prospective studies (Nurses' Health Study and Health Professionals Followup Study). They studied tumor molecular characteristics, such as MSI status and the presence or absence of F. nucleatum (as determined by qPCR). The authors found that MSI-high status was associated with the presence of F. nucleatum in CRC. However, F. nucleatum was negatively associated with TIL positivity in MSI-high CRC tumors [multivariable odds ratio (OR) 0.45; 95% confidence interval (CI) 0.22-0.92], but positively associated with TIL-positive tumors in MSS CRC tumors (multivariable OR 1.91; 95% CI 1.12-3.25). Likewise, the presence of F. nucleatum was negatively associated with intratumoral periglandular reaction (i.e., lymphocytic reaction in tumor stroma within the tumor) in MSI-high CRC (multivariable OR 0.43; 95% CI 0.21-0.87), but positively associated with intratumoral periglandular reaction in MSS cancer (multivariable OR 1.97, 95% CI 1.00-3.86). Overall, the results from this study suggest that F. nucleatum may suppress adaptive antitumor immune response in MSI-high CRC and promote inflammation in MSS cancer. However, this study did not investigate the potential utility of positive intratumoral F. nucleatum to predict response to immunotherapy.
The interplay between the microbiome and tumor molecular characteristics in the context of antitumor immune response requires further investigation. A relationship between the microbiome and cancer is an ongoing area of research. Several studies are exploring how the microbiome is a related to carcinogenesis, cancer treatment response, and prognosis, but much work remains to probe the role of microbiota as a cancer immunology-related prognostic and predictive biomarker.
INVESTIGATIONAL LIQUID BIOMARKERS
Routine Peripheral Blood Biomarkers
It has become increasingly evident that the host immune response is critical in determining the magnitude of benefit from immunotherapy. Thus, multiple studies have examined routine blood-based parameters with response to immunotherapy. These blood-based parameters include absolute neutrophil counts (ANC), absolute or relative lymphocyte counts, total leucocyte counts, neutrophil-to-lymphocyte ratio (NLR), absolute or relative eosinophil counts, relative basophils, absolute monocyte counts (AMC), serum lactate dehydrogenase (LDH), and C-reactive protein ( Table 3 ). These markers are frequently obtained in the course of routine clinical care and do not incur any additional expense.
Elevated leukocyte dehydrogenase (LDH) levels at baseline can indicate high tumor burden, and have been shown to correlate with low response rate to immunotherapy such as pembrolizumab. The overall response rate (ORR) to pembrolizumab in melanoma was noted to be 26% for patients with high LDH levels as compared to 40% in a general study patient population. Similarly, response rates were 40% when LDH was in the normal range, 34% when LDH was up to 2 times the upper normal limit, and 8% when LDH is elevated over 2 times the upper normal limit in a first-line setting [8] . Pretreatment high eosinophil count and low neutrophil count have also been correlated with improved response to ipilimumab and pembrolziumab in melanoma patients [126, 127] . LDH and vascular endothelial growth factor (VEGF) levels have been associated with poor outcomes from chemotherapy. LDH in particular is clearly associated with inferior outcomes and is part of the testicular cancer (NSGCT) staging system and was once proposed to be added to SCLC by the SWOG [128, 129] . Soluble serum-based markers such as C-reactive protein (CRP), LDH, VEGF, soluble CD25 and others may predict immunotherapy treatment efficacy. Krajsova et al. found that advanced, refractory melanoma patients treated with ipilimumab, baseline serum LDH and CRP levels correlated with improved overall survival [130] . In another study with 95 metastatic melanoma patients treated with ipilimumab, decreasing levels of both LDH and CRP were correlated with disease control and survival [131] . Several studies have summarized that a normal baseline serum LDH associates with improved overall survival, as recently reviewed in [132] .
A recent retrospective study of advanced melanoma patients (n [ 209), treated with a combination of nivolumab and ipilimumab, found that baseline levels of several routine peripheral blood parameters (high relative basophils, high relative eosinophils, low absolute monocytes, low LDH, and low NLR ratio) correlated with overall survival and overall response [133] .
A large study with melanoma patients (n = 616), treated with pembrolizumab, also found that increased relative lymphocyte count (RLC) at baseline was associated with improved overall survival [126] . Kuzman et al. reported that metastatic renal cell carcinoma patients (n = 81), treated with high-dose interleukin-2 (IL-2) therapy, with an objective response had a median NLR at 2.3 versus 3.4 in those without. In these patients, NLR associated significantly with overall survival [134] . A study of resectable stage IIIB/C melanoma (n = 35), treated with ipilimumab and followed at baseline, 6 weeks, and at 3, 6 and 9 months found that lower baseline levels of T-regs and myeloidderived suppressor cells (MDSC) levels are associated with relapse-free survival [135] . If some of these basic peripheral blood markers are validated in randomized clinical trials, it may become relatively easier and more cost-effective to integrate them as biomarkers to inform responses to immunotherapy.
DDR Status of Peripheral Blood Cells
It has become increasingly clear that DDR pathways interact closely with the immune response [136] . Interestingly, a previous study has shown an inverse relationship between DNA repair status in peripheral lymphocytes and patient overall survival has been observed in NSCLC patients (n = 591) that were treated with platinum-based chemotherapy [137] . In our work, we have shown that patients with early-onset familial CRC, who carry germline alterations in DNA double-strand break repair pathways, exhibit increased levels of c-H2AX in their primary T-cells on induction of DNA damage when compared to cancer-free healthy controls [138] . Similarly, T-cells from familial, early-onset prostate cancer patients also exhibited elevated levels of c-H2AX and germline alterations in DNA repair pathways [139] . These studies suggest that a constitutional DNA repair defect or an individual's innate ability to repair DNA damage might also regulate immune responses to the tumor and other tissues. Further studies are warranted to understand if DNA repair capacity can serve as possible biomarker of response to agents such as immune checkpoint blockade.
Soluble Serum-Based Biomarkers and Cytokines
High pre-treatment serum levels of VEGF have been associated with decreased overall survival in advanced melanoma patients who were treated with ipilimumab as well as in lung and several other tumors for patients treated with chemotherapy [140, 141] . Yuan et al. found that pre-treatment serum VEGF levels correlated with clinical benefit from ipilimumab in patients with metastatic melanoma. Here, a VEGF assay (from Meso Scale Discovery) was used to measure levels in the sera and a cutoff of \ 43 pg/ml was associated with clinical benefit in 159 out of 176 cases [140] . In an earlier study, serum levels of VEGF were also associated with durable benefit from high-dose IL-2 therapy in patients with metastatic melanoma and renal cell carcinoma [142] . Zhao et al. studied serum cytokines and VEGF levels in 50 NSCLC cases, before and after immunotherapy. Here, high serum levels of VEGF were significantly correlated with increasing levels of IL-4, suggesting that VEGF might shift the balance towards Th2 cytokines in the serum of patients following immunotherapy [143] .
In another study with melanoma patients (n = 262) treated with ipilimumab, baseline level of sCD25 was an independent predictor of overall survival, with high levels correlating with resistance to therapy [144] . Increased serum cytokine levels of interferon gamma (IFN-c), IL-18, ITAC (IFN-c inducible chemokine), and decreased levels of IL-6 have been associated with treatment with anti-PD-L1 antibody (MPDL3280A) [145, 146] .
Emerging ELISA, Flow Cytometry, Single-Cell Cytometry Assays
Improvements in techniques such as flow cytometry are providing a better window into immune signatures of cancer patients. Multicolor flow cytometry-based approaches are now employed to determine the population and subpopulation of Tregs, T-cells, NK cells, monocytes, MDSCs and other immune cell subtypes from peripheral blood collections and can give us important insights into tumor biology and prognosis. So far, variability in study designs and assessed markers has made it difficult to combine the observations from these studies [132] . A study with advanced melanoma patients (n = 209), treated with ipilimumab, found that low LDH, AMC, MDSCs and high AEC, Treg frequency and RLC were associated with improved overall survival [147] . As another example, a recent study showed that upregulation of PD-1 on T-cells, CD14? monocytes, and NK cells correlates with renal cell carcinoma staging [148] . The cytotoxic effector CD8 ? T-and NK-cells in these patients showed significantly increased expression of perforin and granzyme B, which correlated with PD-1 expression. Strikingly, the elevated levels of all biomarkers reverted to baseline levels within weeks of primary tumor resection, indicating that circulating PD-1? cells are supported by the tumor, possibly through expression of cytokines or PD-1 ligands in the micro-environment. Current limitations of flow cytometry-based tests application include the costs of these tests and lack of standardization or cutoffs.
B Lymphocytes, Tumor Antigens and Neoantigens
Auto-antibodies against tumor-derived antigens have been reported in multiple different malignancies such as pancreatic, ovarian and prostate cancer [149, 150] (Table 3 ). These autoantibodies usually represent intracellular antigens and, thus, their role in antibody-dependent cell-mediated cytotoxicity is controversial at best. They may, however, act as surrogate markers for T-cell activation. For example, melanoma patients with NY-ESO 1-specific antibodies have shown greater clinical benefit to treatment with ipilimumab [151] . Also, in a lung cancer study, it was shown that increased B-cell and dendritic cell aggregates at the tumor site lead to an increased progressionfree and overall survival in these patients postresection [151] . B-cells thus may play a role in identification of tumor antigens and improve T-cell-specific immune surveillance. Finally, attempts are also being made to identify specific immunogenic peptides in these circulating auto-antibodies with the goal of possibly developing targeted immune therapies [150] .
CONCLUSIONS
In summary, clinically useful FDA-approved and robust biomarkers, PD-L1 expression and MMR are not sufficient to predict response to CKIs for all patients with solid tumors, and nor can they estimate response or duration of response in any patient. Given the large number of novel predictive biomarkers that are in development, several vigorous criteria should be used, including association of a biomarker with clinical efficacy, especially with overall survival across several independent clinical trials, minimal complexity, high reproducibility, and minimal cost. Standard biomarker testing procedures, including assay harmonization and standardization should also be used [152] . Currently, TMB and TILs are emerging as PD-L1independent biomarkers that are expected to receive FDA approvals and enter routine clinical practice. While some novel biomarkers show promise, and are currently being actively investigated, further careful studies are needed to avoid redundancy between biomarkers. DDR deficiency or alteration is also a promising biomarker and future studies are warranted. There is still clearly much to learn from retrospective and prospective studies evaluating the value of both approved and developmental immunotherapy biomarkers.
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